207 This is also reflected in an overall increase in activity compared to controls ( Fig 4A-4C ). Thus reduced 208 "sleep," defined as it is as long-term immobility, can be indicative of a hyperactivity phenotype. To 209 clarify this, we examined the properties of activity bouts between periods of sleep. As Drosophila 210 spends circadian light transition events in an elevated state of arousal, we excluded these periods from 211 our analyses. Activity during wakeful periods (number of beam crosses per minute awake) was 212 significantly increased during the light phase, but not during the dark phase ( Fig 4D) . Flies also 213 demonstrated a significant increase in the duration of wakeful periods during light (compared to both 214 controls) and dark (compared to UAS-alc-RNAi/+ control only) ( Fig 4E) . Interestingly, when we 215 analyzed the periods around light-transition eventsperiods of elevated locomotive activitywe did 216 not observe increased level or duration of activity for elav>Dcr-2,alc-RNAi flies compared to controls 217 (S4 Fig) , which indicates that the loss of alc causes a specific sleep phenotype that is not a 218 consequence of overall hyperactivity. Together these data suggest that animals with reduced 219 expression of alc, and thus reduced AMPK activity, in the nervous system have an increased drive for 220 wakefulness and reduced sleep drive.
221
To further assess the sleep properties of animals with neuronal loss of alc function, we 222 investigated sleep-bout duration and number. Animals with reduced alc expression in the nervous 223 system showed an increase in sleep bout-number and a concomitant significant reduction in average 224 sleep-bout length, indicating highly fragmented sleep ( Fig 4F and 4G) . The average longest single 
229
animals with neuronal loss of alc demonstrated a shifted sleep structure with significantly more time 230 9 spent in short sleep bouts (binned into 5-14 and 15-50 minutes) ( Fig 4I and 4J) . In the aggregate, these 231 data indicate that alc is necessary for proper sleep architecture and consolidation in Drosophila. 232 233
Loss of AMPK signaling causes progressively worsening sleep fragmentation 234
To confirm the reduced-sleep phenotype observed for pan-neuronal knockdown of alc, we 235 used a second, independent alc-RNAi line (8057-R2) line and determined average sleep-bout duration 236 and number during both day-and night-time. As seen with the alc-RNAi(KK) line, sleep-bout duration 237 was significantly decreased in length during both circadian phases, and sleep-bout numbers were 238 greatly increased over the 24-hour period, reflecting increased sleep fragmentation (Fig 5A and 5B ).
239
To examine whether this phenotype was specifically due to altered AMPK signaling in the nervous 240 system, we overexpressed AMPK-DN to block AMPK-complex activity via inhibition of the alpha 241 subunit. Surprisingly, these animals initially exhibited no significant reduction in average sleep-bout 242 duration or number. However, over longer observation periods, sleep phenotypes arose that were 243 similar to those displayed by alc-knockdown animalsaverage sleep-bout duration significantly 244 decreased over time, while the number of sleep bouts significantly increased, during both day and 245 night ( Fig 5C and 5D ). This progressive deterioration in sleep consolidation over time was specific to 246 reduced AMPK signaling, since no significant changes in sleep-bout architecture were observed with 247 control genotypes aside from a slightly increased daytime sleep-bout duration in one control line.
248
Thus, the loss of AMPK signaling in the nervous system causes sleep fragmentation that worsens over 249 time. This progressive deterioration is reminiscent of the morphological phenotypes observed in larval 250 class IV da neurons. It is possible that a similar morphological deterioration of sleep-regulatory 251 neurons might underlie these defects.
253
Animals defective in AMPK signaling are in a state of sleep deprivation
254
Since defective neuronal AMPK signaling due to tissue-specific alc knockdown resulted in 255 fragmented and reduced sleep, we suspected that these animals might therefore exhibit altered 256 expression of sleep-stress-response genes. To assess this possibility, we performed RNA sequencing 257 on adult head samples of animals with neuronal knockdown of alc versus controls. Amylase has been 258 identified as a biomarker for sleep drive in Drosophila, and another, previously uncharacterized gene, 259 heimdall, has recently been linked to animals' response to sleep deprivation [34, 35] . Interestingly, 260 both of these genes are significantly upregulated in the heads of alc-knockdown fliesheimdall 261 exhibited the greatest transcriptional up-regulation of any gene, with a roughly 180-fold increase 262 compared to control heads (Table 1 and S1 Table) . Thus, alc-knockdown animals show a genetic 263 response consistent with disrupted sleep. 264 265 alc is required for initiation and maintenance of "recovery sleep" following sleep deprivation 266 10 A major hallmark of sleep is homeostatic regulation, which is required for the recovery of lost 267 sleep after sleep deprivation (SD). To investigate whether AMPK is important for the homeostatic 268 process of sleep regulation, we tested whether animals expressing neuronal alc RNAi were defective 269 in recovery sleep following deprivation. To assess recovery sleep following SD in alc knockdown 270 animals, we exposed elav>Dcr-2/+ control animals and elav>Dcr-2,alc-RNAi animals to mechanical 271 SD, using a vortex mounting plate (Trikinetics) that regularly jostled the animals. Sleep deprivation 272 was initiated during the second day of recording, for the 6 hours of the latter half of the dark phase 273 immediately preceding "lights-on." This resulted in similar levels of sleep loss in alc knockdown and 274 control animals ( Fig 6A, and 6B ). However, whereas driver controls showed substantial subsequent 275 sleep rebound following SD, elav>Dcr-2,alc-RNAi animals did not show any such post-SD rebound 276 ( Fig 6B and 6C ). Following relief from SD, control flies rapidly fell into extended sleep and entered 277 their longest consolidated sleep episode faster ( Fig 6D) , with an increase in average bout duration 278 initiated during the first two hours following SD ( Fig 6E) . In contrast, animals lacking alc in the 279 nervous system took significantly longer to reach a maximally consolidated sleep bout and did not 280 increase sleep bout duration following SD ( Fig 6D and 6E ). This indicates that animals with impaired 281 neuronal AMPK signaling not only fail to initiate rebound sleep, but also seem to be generally 282 impaired in their sleep following SD. To further examine this deprivation-dependent shift in sleep 283 architecture, we analyzed the distribution of sleep bouts during day and night following the 284 deprivation period. Directly following sleep deprivation, control animals spent more time in prolonged 285 sleep episodes (500-720 min) compared to baseline periods, and returned to baseline sleep-length 286 distribution in the following dark phase ( Fig 6F) . In contrast, elav>Dcr-2,alc-RNAi animals displayed . Surprisingly, this fragmentation persisted into the following dark phase, indicating that SD of 289 flies with altered AMPK signaling has longer-term effects on sleep architecture ( Fig 6G) .
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To determine whether the apparent detrimental effect of sleep deprivation impacts survival,
291
we monitored sleep-deprived animals for 24 hours following sleep deprivation. We observed increased 292 mortality of elav>Dcr-2,alc-RNAi animals following sleep deprivation compared to both un-deprived 293 age-matched elav>Dcr-2,alc-RNAi animals and SD and non-SD driver controls (S5A Fig) . To control 294 for a possible elevated sensitivity to mechanical stress, we performed a mechanical stress assay in 295 which flies were exposed to prolonged repeated mechanical perturbation and stress-induced mortality 296 was assessed [36] . Knockdown of alc in the nervous system did not result in a higher incidence of 
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Our findings indicate that AMPK activity is required for rebound sleep following deprivation,
303
indicating that the AMPK complex is involved in the homeostatic regulation of sleep. In Drosophila, a 304 brain structure known as the central complex plays a key role in sleep homeostasis [37] [38] [39] [40] , so we 305 therefore investigated whether alc is required in this structure for regulation of sleep. First, to examine 306 the distribution of Alc within the brain, we generated a fluorescent Venus-tagged form of the 307 endogenous Alc protein using CRISPR. We observed Alc::Venus signal in the brain with specific [41, 42] . Driving alc-RNAi using 313 these drivers lead to a fragmentation of sleep with more bouts of shorter duration, similar to that 314 observed with pan-neuronal knockdown ( Fig 7A and 7B ). This supports a role for Alc in neural 315 circuitry that is involved in homeostatic regulation of sleep. According to this view, AMPK activity 316 would increase over periods of wakefulness, when higher neuronal energy demands deplete cellular 317 energy stores. Consistent with this, we observed upregulation of pAMPK levels in heads of control 318 animals after 6 hours of SD, whereas this signal did not increase in animals with reduced neuronal alc 319 expression ( Fig 7C) . Elevated pAMPK levels were also observed in wild-type (Canton S) flies after 320 SD, confirming AMPK-complex activation following periods of SD in wild-type animals. The role of AMPK in mediating the synaptic plasticity that underlies learning and memory 386 consolidation is unclear. One possibility to explain our observations would be that the neuronal 387 connections necessary for associative learning in the mushroom body of the insect brain [54] have 388 degenerated, thus resulting in a system incapable of forming, retaining, or recalling memories.
389
Another possibility is that loss of AMPK may impair cAMP second-messenger signaling, which 390 underlies the neuronal plasticity necessary for learning and memory [55, 56] . In mammalian 391 adipocytes, AMPK has been shown to be activated by intracellular cAMP levels [57] ; it is possible 392 that a similar mechanism is present in neurons and is involved in mediating neuronal activity and 393 plasticity. Interestingly, in mice, treatment with the AMPK agonist AICAR increases spatial memory 394 in a Morris water maze [58, 59] . Our results suggest that Alc/AMPKβ and thus the AMPK complex 395 are required for learning, although further experiments need to be conducted to evaluate the role of 396 reduced AMPK signaling in the formation and maintenance of memory. Interestingly, it has been 397 shown that sleep deprivation has a negative effect on learning and memory in several animal models 398 [60] [61] [62] . A persistent state of sleep deprivation in animals deficient in AMPK signaling may explain 399 their inability to learn to repress courtship upon rejection. Other learning paradigms need to be tested 400 to determine if this is a general effect on the association center of the Drosophila brain and to rule out 401 contribution from potential sensory defects that would lead to inability to sense olfactory mating cues. capacity to store nutrients [65] , which has led to the hypothesis that sleep is required to replenish 410 neuronal energy that is depleted during wakefulness [66] . This theory suggests that energy levels are 411 reflected in glycogen and adenosine changes accumulated during metabolically demanding 412 14 wakefulness and that these molecules play key roles in homeostatic sleep regulation [67] . Consistent 413 with this notion, glycogen levels are indeed affected by the rest and wake cycle and drop after short 414 periods of rest deprivation in Drosophila [68] . Adenosine is a breakdown product reflecting the 415 depletion of ATP, the primary energy currency used by brain cells [69] . Consistent with the idea that 416 sleep is necessary to reestablish energy stores, ATP has been shown in rats to increase during the 417 initial hours of sleep when neuronal activity is low [31] . If the homeostat senses sleep drive by 418 measuring energy levels, the molecular mechanism of the homeostat must involve an energy sensor 419 that is activated by low cellular energy levels and initiates processes that restore energy levels to 420 relieve sleep pressure after a nap. As the major cellular energy sensor activated by low energy levels,
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AMPK promotes processes that replenish energy levels [70] . Furthermore, the AMPKβ subunit 
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replicates for each cross were used, and the animals were transferred to fresh vials every 2 to 3 days.
455
During each transfer, the numbers of dead animals left behind and carried over were recorded.
456
Escaped flies or accidental deaths during transfer were recorded as censored. Longevity was 457 monitored for 89 days. Survival data was analyzed for each vial in MatLab using the Kaplan-Meier 458 nonparametric method accounting for censored data. As some control vials did not reach 50% 459 mortality, to quantify survival, the Weibull distribution function was fit to the data, right-censoring the 460 animals still alive at the end of the experiment. This analysis extends exponential distributions of 461 failure (death) probability to allow for the increasing hazard rates associated with aging systems [73] .
462
The scale parameter was determined for each vial and used for comparisons.
464

Visualization of class-IV dendritic-arborization (da) neurons 465
Feeding and wandering third-instar larvae were selected and anesthetized by exposure to 466 chloroform for 1 minute in a sealed container. Larvae were mounted in 90% glycerol, and GFP 467 fluorescence in live animals was imaged. One individual GFP-labelled neuron, located in segment A2, 
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For separation of polypeptides, samples were electrophoresed through precast polyacrylamide gels 515 (Bio-Rad, #4561094) for 1 hour in a Tris/glycine/SDS buffer. Separated proteins were transferred to a 516 nitrocellulose membrane and were then blocked with Odyssey blocking buffer (LI-COR Lincoln, NE, 517 #927-40000) for 1 hour prior to incubation overnight with rabbit anti-pAMPKα (1:1000, Cell
518
Signaling technology, Danvers, MA, #2535) and mouse anti-α-Tubulin (Sigma #T9026, diluted 519 1:5000) antibody at 4 °C. After 3 x 15-minute washes in PBS at RT, samples were incubated with 520 IRDye 680RD and 800CW secondary antibodies diluted 1:10,000 (LI-COR) for 30 minutes at RT. Western blots were imaged using an Odyssey Fc imaging system (LI-COR) and ImageJ was used to 522 quantify probe signal intensity.
524
Immunostaining 525 Adult brains were dissected in cold Schneider's medium and fixed in fresh 4% formaldehyde 
